In-vivo light dosimetry for patients undergoing photodynamic therapy (PDT) is one of the critical dosimetry quantities for predicting PDT outcome. This study examines the relationship between the PDT treatment time and thoracic treatment volume and surface area for patients undergoing pleural PDT. In addition, the mean light fluence (rate) and its accuracy were quantified. The patients studied here were enrolled in Phase II clinical trial of Photofrin-mediated PDT for the treatment of non-small cell lung cancer with pleural effusion. The ages of the patients studied varied from 34 to 69 years old. All patients were administered 2mg per kg body weight Photoprin 24 hours before the surgery. Patients undergoing photodynamic therapy (PDT) are treated with laser light with a light fluence of 60 J/cm 2 at 630nm. Fluence rate (mW/cm 2 ) and cumulative fluence (J/cm 2 ) was monitored at 7 different sites during the entire light treatment delivery. Isotropic detectors were used for in-vivo light dosimetry. The anisotropy of each isotropic detector was found to be within 30%. The mean fluence rate deliver varied from 37.84 to 94.05 mW/cm 2 and treatment time varied from 1762 to 5232s. We found a linear correlation between the total treatment time and the treatment area: t (sec) = 4.80 A (cm 2 ). A similar correlation exists between the treatment time and the treatment volume: t (sec) = 2.33 V (cm 3 ). The results can be explained using an integrating sphere theory and the measured tissue optical properties assuming that the saline liquid has a mean absorption coefficient of 0.05 cm -1 . Our long term accuracy studies confirmed light fluence rate measurement accuracy of ±10%. The results can be used as a clinical guideline for future pleural PDT treatment. * tzhu@mail.med.upenn.edu, Tel 215-662-4043.
INTRODUCTION
Photodynamic therapy is an established cancer treatment modality that utilizes light and a photosensitizing drug. [1] Malignant pleural effusions are common clinically and there are no widely accepted curative approaches. The prognosis of most patients with malignant pleural effusion is poor. Two-thirds of the patients die within 3 months from a malignant pleural effusion and 80% die within 6 months. The treatment of a malignant pleural effusion usually begins with a thoracentesis which provides temporary relief of symptoms, but often these effusions recur. These poor results have led to investigation of adjuvant photodynamic therapy (PDT). [2] 2. METHODS
Patient treatment
The patients described here were enrolled in an ongoing Phase II trial of Photofrin (porfimer sodium) mediated PDT in combination with surgery for non-small-cell lung cancer (NSCLC) with pleural spread [2] . All patients underwent thoracotomy. After resection, each patient received PDT to treat the thoracic cavity. Each patient was injected with Photofrin at a concentration of 2mg/kg body weight 24 hours prior surgery. 630nm illumination was provided by a dye laser pumped by a KTP-YAG laser (model 630 XP, Laserscope, Inc, San Jose, CA) and was delivered via a diffusing optical probe consisting of an optical fiber mounted in a modified endotracheal tube that terminated in a balloon filled with 0.1% intralipid. A dilute inralipid solution (1%) was placed in the pleural cavity as a light scattering agent. Seven isotropic detectors were sewn to the wall of the pleural cavity for monitoring the light dose in the following sites: Apex, anterior medial chest wall (ACW), posterior chest wall (PCW), posterior diaphragmatic sulcus (PS), anterior diaphragmatic sulcus (AS), posterior mediastinum (PM) and pericardium (Peri) as shown in figure 1. The illumination was delivered under manual control until the prescribed dose of 60 J/cm 2 was reached at all sites. Of the twelve patients analyzed in this study seven were male and five were female. The age varied from 34 to 69 years. Eight out of the twelve patients received pneumonectomy. Four patients kept both lungs intact.
Theory of light fluence distribution in pleural cavity
For an integrating sphere such as that show in Fig. 3 , the light fluence rate inside the sphere assuming infinite number of reflections is uniform and can be calculated according to [3] :
where S is the light source power (mW), ρ is the diffuse reflectance of the scattering wall surface, A s (=4πR 2 ) is the total surface area with R the radius of the sphere, f is the ratio of the open surface area to the total surface area. Notice that this result assumes infinite number of multiple scattering on the wall before the light is being detected. One can also calculate the light fluence rate (φ) by including only the first, second, third scattering by using the summation of up to the first, second, third terms, respectively, in Eq. (1). (Notice that we have ignored the contribution of the direct light to the fluence rate: S/4πr 2 , where r is the distance from the point source. This term is addative to the scattering light contribution to the fluence rate expressed in Eq. (1). Equation (1) should be applicable for light fluence in pleural cavity since the integrating sphere theory does not restrict the shape of the enclosed reflective surface. Considering the case of additional absorption from the non-scattering medium inside the pleural cavity, e.g., due to bleeding, Eq. (1) can be modified as:
where μ a is the absorption coefficient of the non-scattering liquid and r is the mean radius of the pleural cavity.
The diffuse reflectance can be calculated based on the optical properties of the thoracic wall [4] : , Ψ = 60 J/cm 2 is the total fluence, S = 7 W is the laser power, r is the mean radius of the cavity, we estimated r = 8 cm for the patient population studied, and ρ is the diffuse reflectance, which is a function of tissue optical properties (μ a and μ s ').
Determination of tissue optical properties
The optical properties of various tissues in the thoracic cavity were measured using and optical probe consisting of a source fiber illuminated by a white light source and a series of detection fibers, as described previously [5] . Briefly, the optical properties before and after PDT treatment were determined by analyzing the diffuse reflectance spectra measured in four channels of the detection probe using an algorithm introduced by Finlay and Foster [6] . This algorithm quantifies the scattering spectrum and contributions to absorption of hemoglobin and photofrin. From these parameters, the best-fit optical properties at the wavelength of treatment (630nm) can be determined. Table1 lists the minimum, maximum, and mean values of each parameter from among the 8 patients made on various tissue types (one before and one after PDT in each of four channels.
Table1: Summary of measured in-vivo optical properties in pleural PDT patients.
Calibration of isotropic detectors for in-vivo light dosimetry

2.4.1Description of the isotropic detectors used in our study
Isotropic detectors were used to measure the light energy fluence rates delivered to patients undergoing pleural PDT. An isotropic detector consists of a highly scattering material spherical bulb attached to the tip of a flat cut optical fiber. The fiber detector has a spherical scattering tip that detects light from all directions. The output of the optical fiber is connected to a photodiode via a SMA connector. The light reaching the bulb from any direction is multiply scattered before it contributes to the light that reaches the optical fiber. The spherical detector measures the radiant energy fluence rate Φ (mW/cm 2 ). Figure 2 shows a picture of one of the isotropic detectors used in our study. The isotropic detector has a 0.5mm scattering tip and is manufactured by MedLight S.A. (Switzerland).
Calibration procedure
To calibrate the fluence rate and the laser power, first we calibrate a 1 mm detector under broad beam geometry. A 1.9cm diameter thermopile detector placed at the center of a uniformly collimated laser beam. A 1mm isotropic detector with good isotropy is placed in the center of the uniform beam, at the same level as the power meter, at the same distance from the light source and is connected to a dosimetry system. The light fluence rate of the isotropic detector is then calibrated in the collimated beam geometry using the measured power S and the calculated light fluence rate (φ = S (mW)/πD 2 , D is the detector diameter) as a transfer standard.
Next a 6" integrating sphere (IS-06-SF, Labsphere, North Sutton, NH) is used to ensure uniformity and reproducibility of light fluence rate during calibration ( figure 3 ). The integrating sphere contains three 1.5-inch diameter input ports and one 0.5-inch diameter detector port. Because of the multiple scattering inside the sphere, the light fluence rate is uniform everywhere inside the sphere, regardless the relative geometry of the light and the integrating sphere. The fluence rate in air φ 0 is proportional to the power reading I of the power meter by a calibration constant α , i.e.
The calibration is performed using the transfer isotropic detector. Using the calibrated integrating sphere, one can calibrate isotropic detectors in the integrating sphere such that the measured photovoltage (V) from the isotropic detector was proportional to the light fluence rate by:
where a (mW/cm 2 /V) is the conversion factor for fluence rate and b (V) characterizes the leakage of the photodiode. The isotropic detector is inserted in the integrating sphere via a diffusive tube to ensure that no direct light from the light source reaches the isotropic detector. 
RESULTS AND DISCUSSION
Isotropic detector calibration accuracy
Integrating sphere calibration accuracy
The integrating sphere was calibrated for the light fluence rate (figure 4). The variation of the calibration factors, α, over a period of time is plotted in figure 4 (a) . The average CF is plotted as a continuous line. 
Angular dependence of the isotropic detectors
An ideal isotropic detector would respond to light isotropically from any angle. However, a practical isotropic detector does not respond to light isotropically, because the light incident to the detector at an angle close to the stem of the detector will not be detected because of the blockage by the optical fiber. The angular response of the detectors was measured in two planes: horizontal and vertical, as shown in figure 5 . The response of each detector was measured for every ten degree in each plane. Normalized angular response to 0 degree correction factor of eleven 0.5mm isotropic detectors in the vertical plane is shown in figure 5a and normalized angular response to 90 degrees in the horizontal plane is shown in figure 5b. Figure 6 and Table 3 
Overall calibration accuracy of the isotropic detectors
Relationship between treatment time and the treatment area
Light dosimetry was performed for each PDT light delivery to monitor the dose delivered to the cavity. For a uniform dose distribution isotropic detectors were measuring the fluence rate during the entire treatment. The isotropic detectors were sewed onto the thoracic wall as shown in figure 1 . The relationship between the time needed to deliver the prescribed dose as a function of the volume and surface are of the treated cavity. The time for light delivery varied from 1762s to 5232s. The volume of the treated cavity varied from 883 to 2651cm 3 and the surface of the treated cavity varied from 476 to 1133cm 
Patients undergoing pneumonoctomy are shown in filled squares, while patients that underwent debulking but retained the lung intact are shown in hollow squares. It can be clearly seen that patients having their lung spared took a longer time to achieve the prescribed dose. This results primarily from the fact that with the lung intact, only half of the cavity can be treated at a time, while the remaining half is obscured by the partially collapsed lung. Figure 8 shows a wire-plot of the treated cavity walls for each of the 12 studied patients. Next to each plot, the volume and area of the structure is shown. It is clear that treating the thoracic cavity with uniform dose is a difficult task, given the very complex geometry of the thoracic walls. The volume of the treated cavity varied from 883cm 3 to 2651.3cm 3 . The treated surface area varied from 476cm 2 to 1133cm 2 . The prescribed dose was delivered in a different amount of time for each patient. Time varied between 1762 and 5232s depending on the volume size and geometrical complexity.
(a) (b)
To verify the accuracy of Eq. 3 for the calculation of diffuse reflectance, a series of measurements were performed in liquid phantom in water and liquid phantom interface (Fig. 9) . They have shown excellent agreement between theory and experiment. Figure 10 shows the measured diffuse reflectance based on the measured in-vivo optical properties, they vary between 0.2 and 0.8. The square in the figure corresponding to the mean optical properties measured in the pleural cavity. Using the measured diffuse reflectance and Eq. 5, one can calculate the linear coefficient between the treatment time and the treatment area (Fig. 11) . Different symbols corresponding to calculation based on different assumptions: IS-1 scattering: stands for using integrating sphere theory (Eq. 5) with μ a = 0 and only take the first term in the middle. IS-2 scattering: stands for using integrating sphere theory (Eq. 5) with μ a = 0 and taking the first two term in the middle. ISInfinite scattering: stands for using integrating sphere theory (Eq. 5) with μ a = 0 and the right most formula. IS+atten, μ = 0.05 cm -1 : stands for using integrating sphere theory (Eq. 5) with μ a = 0.05 cm -1 . While the k values generally decrease with increasing effective attenuation coefficient, there is a wide spread because of the distribution of absorption and scattering coefficients. The mean values (μ eff = 5 cm -1 ) are always lower than the theoretical prediction unless we assume that the saline inside the lung cavity has some absorption (diamond). Under this condition, the can be made exactly agree with each other for μ a = 0.05 cm -1 . Table 1 . 
Summary of light fluence rate results
The average fluence rate delivered among the studied patients was 58. An example of dose monitoring during treatment delivery is shown in figure 9 . Figure 9a is a plot of the cumulative fluence for each of the seven sites monitored by isotropic detectors. Figure 9b shows the fluence rate received by each of the detectors. The fluence rate varies during the treatment; an average overall fluence rate 58.4mW/cm 2 was determined. The average maximum fluence rate was determined to be 572.91mW/cm 2 , a high fluence rate is usually delivered in the case when the detector is touched by the light source and it last for only a few seconds. 
CONCLUSIONS
We have established a correlation between the treatment time and the treatment area. The results are discussed using an integrating sphere theory and the measured tissue optical properties. We have also established the accuracy of the measurements to be +/-9 % for in-vivo light. The result can be used as a clinical guideline for future pleural PDT treatment.
